To enhance the rapidity in diagnosing the spread of avian influenza virus (AIV) in chicken layer flocks, studies were initiated to develop more sensitive and specific immunological and molecular methods for
virus infectivity. Based on the differences in antigenicity, 15 H subtypes of influenza A viruses can be differentiated. 3, 8 The subtype of avian influenza virus (AIV) can potentially mutate to a high pathogenic subtype, and variation in the H antigen is the major reason for the frequent occurrence of epidemics of influenza. 7 The isolates of the H7 and H5 have been the 2 subtypes associated with highly pathogenic outbreaks in poultry. 2 In 1997-1998, an outbreak of AIV subtype H7N2 occurred in commercial layers in Pennsylvania that led to the infection of 2.6 million birds (D. Henzler, personal communication).
The control of the spread of AIV is by intensive surveillance and specifically the identification of the H5 and H7 subtypes of virus. To rapidly and specifically diagnose the spread of H7 in layer flocks in Pennsylvania, studies were initiated to produce monoclonal antibodies to isolates of H7N2 that could augment the detection of AIV. Test criteria were also established that enabled the determination of the specificity and sensitivity of the various MAbs produced.
Materials and methods

Viruses
The following Pennsylvania (PA) field isolates were used in this study: CK/PA/9733779-7/97 (H7N2), CK/PA/ 9832502/98 (H7N2), 9830754-T (H7N2), an H5N3 reference isolate from the 1983 AI outbreak in PA and 9869508-1/E6 (H4N2) and H4N2, H3N2, and H6N8 PA field isolates. To prepare virus stocks, viruses were diluted to 1/10 to 1/ 10,000 in virus transport medium (minimum essential medium plus antibiotics) and inoculated into the 10-day-old embryonated SPF eggs. Infective allantoic fluid was collected whenever nearly half of the eggs were dead. The stock viruses were evaluated for their ELD50 titer in eggs, their hemagglutinin activity, and they were also visualized by electron microscopy for their morphology.
Purification of virus
The following procedures were used for virus preparation. 5 Virus stocks were concentrated by a hollow fiber/spiral cartridge ultrafiltration system. a Concentrated virus stocks were centrifuged through a 25-70% sucrose gradient at 50,000 ϫ g for 16 hr at 4 C. c With each preparation, virus was removed from the interface and diluted 1:5 in STE buffer (100 mmol NaCl, 10 mmol Tris HCl (pH 8.0), 1 mmol ethylenediamine tetra-acetic acid [EDTA]). The virus was pelleted by sedimenting at 80,000 ϫ g for 1 hr at 4 C. c The gradient-purified viruses were stored at 4 C in phosphatebuffered saline (PBS), pH 7.2, containing 0.01% phenylmethysulfonyl fluoride (PMSF).
Preparation of monoclonal antibodies
Antigen preparation. The purified virus was treated with Triton X-100 and centrifuged at 200,000 ϫ g at 4 C for 1 hr d to separate the viral cores from the solubilized surface proteins. Each supernate was treated with sodium sarcosinate and then dialyzed against 0.02 M PBS (pH 7.4) and used as a source of purified H antigen for hybridoma production. 5 Immunization. Production of MAbs was done at the monoclonal production laboratory at The Pennsylvania State University. 13 Adult BALB/CByJ (12-14-wk-old) female mice were immunized intraperitoneally with 25 g of purified H antigen in complete-Freund adjuvant. The mice were boosted intraperitoneally 3 wk later with the same concentration of H antigen in incomplete Freund adjuvant, and serum was collected individually after 7 days. Antibody titer in serum was determined by an ELISA. 14 Mice were boosted again by injecting intraperitoneally 20 g of H antigen in PBS (200-400 l), and cell fusion was performed 3 days after the immunization. Hybridomas were generated by fusion of the Sp2/0-Ag14 mouse myeloma cell line and spleen cells from boosted BALB/C mice. The hybridomas were selected by growth in HAT medium and grown in Dulbecco's Modified Eagles medium (DMEM) supplemented with 20% fetal calf serum. Hybridomas secreting antibodies specific for the H protein were identified by ELISA and cloned by limiting dilution. Immunoglobulin isotyping was done by using a commercially available kit. e Ascites fluids containing MAbs were obtained by intraperitoneally injecting 10 6 cloned hybrid cells into 16-wk-old BALB/C mice that had been primed 14 days prior with 0.5 ml of pristane (2,6,10,14tetramethylpentadecane). i Monoclonal antibodies to the H protein of AIV provided by Dr. M. Perdue (SEPL, USDA, Athens, GA) were P17H6 MAb, P15D5 MAb, P15H5 MAb, P14E1 MAb, P14D11 MAb, P14C1 MAb, and P16F4 MAb.
Hemagglutination-inhibition assay
Monoclonal antibodies were titrated for hemagglutinationinhibition (HI) activity in a 96-well microtiter system. Several subtypes of AIV were used as the test antigens. Eight hemagglutinating (HA) units of viral antigen (final concentration 4HAU) were preincubated with serial twofold dilutions of MAbs for 30 min at room temperature (RT) before the addition of 0.5% chicken red blood cells in PBS. The highest MAb dilution that completely inhibited hemagglutination was used as the HI antibody titer of the MAb.
Western blot
The Western blot technique was used to determine the specificity of each of the MAbs produced. Five microliters of purified virus containing approximately 5 g H protein were mixed with electrophoresis sample buffer without 2mercaptoethanol and boiled for 2 min. Disrupted virus preparations were electrophoresed in a 10% polyacrylamide mini-gel separated by a 4% stacking gel at 200 V for 1 hr at RT. Following electrophoresis, the gel was equilibrated in Tris-glycine-methanol (TGM) buffer (25 mM Tris, 192 mM glycine, 20% methanol [v/v], pH 8.3) for 15 min. The polyvinylidene difluoride transfer membranes i and Whatman filter papers were cut to the same size as the gel. Each membrane was first rehydrated with absolute methanol and then soaked in TGM buffer for 5 min. Three layers of wet filter paper were placed on the platinum anode, and air bubbles were removed. The membrane was then placed atop the filter paper and the gel on top of the membrane. Air bubbles were removed and the 2 layers of wet filter paper were placed on top of the gel. After electrophoretic transfer for 2 hr at 130 mA, membranes were cut into strips and dried at RT before storing at 4 C.
The strips were then incubated with blocking buffer (5% [w/v] BSA in TBS [bovine serum albumin in Tris buffered saline, pH 8.0]) for 1 hr on a rotating platform at 37 C. After washing, the strips were then incubated in antibody incubation buffer (1% BSA, 0.05% [v/v] Tween-20 in TBS) containing diluted serum and incubated 2 hr on the rotating platform at RT. Control strips were incubated in blocking buffer in the absence of serum. The strips were then washed in washing buffer and incubated with a secondary antibody (affinity purified antibody phosphatase labeled goat antimouse IgG) h at 1:4,000 dilution for 2 hr. After washing, the strips were incubated in BCIP/NBT phosphatase substrate system h for 30 min and the reaction was stopped by rinsing with distilled water.
Immunohistochemistry
For immunohistochemistry (IHC) evaluations, embryonated chicken eggs were inoculated with avian influenza viral strains representing the subtypes H7N2, H3N2, H5N9, and H6N8. The chorioallantoic membranes (CAMs) were harvested at 48 hr. Uninfected CAMs served as negative controls. After harvest, all CAMs were fixed in 10% neutral buffered formalin for 24 hr, then processed and embedded in paraffin. Paraffin-embedded CAMs were sectioned at 3 m, floated onto a 42 C distilled water bath, mounted onto ProbeOn Plus slides, f drained, and dried overnight at RT. The tissue sections were deparaffinized and rehydrated according to routine histologic techniques. In preparation for IHC staining, CAM sections were incubated for 15 min at RT in 3% hydrogen peroxide in distilled water to quench endogenous peroxidases, then rinsed in 3 changes of distilled water. Afterward, the CAMs were digested for 15 min at 37 C in prewarmed 0.05% Protease Type XIV i dissolved in phosphate buffered saline (PBS), pH 7.5, containing 0.13 M sodium chloride. A manual staining system 1 with capillary gap technology was utilized to stain the CAM sections with a broad spectrum nonbiotin amplification (NBA) kit k (Castro AE, et al.: 1999, Proceedings of the 48th Western Poultry Disease Conference, Vancouver, Canada, pp. 31-33). For negative controls, one each of duplicate sections of infected CAMs was stained with nonimmune mouse serum in substitute for each MAb. An uninfected CAM stained with primary antibody served as a negative control tissue. The PBS containing 0.075% BRIJ 35 i served as the rinse buffer. Slides were stained according to kit instructions with incubation in primary antibody for 60 min at RT. A 3-amino-9-ethylcarbazole (AEC) chromogen substrate k was mixed according to kit instructions and applied for 3 min at RT. Thereafter, the slides were blotted/rinsed twice with distilled water, removed from the holder to a slide rack, rinsed again, then counterstained with Mayer hematoxylin k for 1 min. The slides were removed to tap water, then intensified in Scotts tap water substitute j for 1 min, rinsed again in tap water for 2 min, and transferred to distilled water. The slides containing the CAM sections were mounted in crystal mount, f allowed to harden for 2 hr at 60 C, and subsequently mounted with a permanent mounting medium to view microscopically.
Indirect fluorescent antibody
The indirect fluorescent antibody (IFA) test was performed by a reported procedure. 12 Briefly, frozen sections of the CAM tissue were cut at 4 m and mounted on slides. Slides were fixed in cold acetone (Ϫ20 C) for 10 min and then air dried. The tissue areas were circled and flooded with H7 subtype MAb (primary antibody). The slides were incubated in a humid chamber at 37 C for 40 min. Thereafter, the slides were rinsed in IFA PBS buffer (8.0 g NaCl, 0.2 g KCl, 1.15 g Na 2 HPO 4 , 0.2 g KH 2 PO 4 in 1,000 ml H 2 O) for 10 min and removed to allow them to air dry. The tissue areas of the slides were then flooded with FITC conjugated goat antimouse immunoglobulin diluted 1:100 with diluting buffer. The slides were then incubated and rinsed as before. Finally, the slides were mounted with cover slips using FA mounting medium (50% IFA PBS buffer, 50% glycerol, pH 8.4) for their examination under a fluorescent microscope with epifluorescence illuminations. g
Indirect fluorescent flow cytometry
Based on the study that the emu is a host for avian influenza viruses, 14 emu fibroblast cells were chosen to test the specificity of MAbs. Secondary emu fibroblast cell cultures were infected with selected AIV subtypes (H3N2, H4N2, H6N8, and H7N2) at 1/100 dilution and then harvested after 24 hr. The cell harvests were first incubated with unconjugated MAb overnight at 4 C, washed twice with PBS, and then resuspended in 50 l of 1:500 goat antimouse IgG FITC for 3 hr. No further fixative was added. Specimens were placed on the flow cytometer within 1 hr of final pelleting (flow cytometry laboratory at Pennsylvania State University). Samples were analyzed on a benchtop 4-color fluorescence flow cytometer b equipped with a 15-mW air-cooled, 488-nm argon-ion laser. Green fluorescein fluorescence quantified as a log value was collected after filtering through a 530/30-nm band-pass filter. A minimum of 10,000 events was counted after forward and side scatter gating to remove signal from cell debris and clumps.
Results
Of the H antigen preparations used for the immunization of mice, proteins were visualized by SDS-PAGE under reduced conditions (Fig. 1) . The HA1 and HA2 bands were revealed after electrophoresis of purified antigens from 3779-2.
After screening by an ELISA, cellular expansion and cloning of MAbs was done and 13 hybridomas were found to contain specific antibodies against the H of H7N2. For the H of 3779-2 isolate of AIV, 6 of these hybridomas continued to secrete MAbs after cloning by limiting dilution. They were designated as 8V16A, 8V16C, 8V17B, 8V17C, 8S18B, and 8S18C (Table 3 ). They were characterized for their isotypes, which were found to be IgG 2b . All 6 MAbs also had a kappa heavy chain. Seven of them were produced against strain A/New York/96 H7 (Table 1) . These MAbs and 5 other MAbs were further evaluated for their reactivity and specificity by various assays, which (Table 3) inhibited the HA activity with chicken erythrocytes of each of the 3 H7N2 isolate preparations tested. There occurred no inhibition of the HA activities of the H3N2, H4N2, H5N3, and H6N8 subtypes.
Western blot. By Western immunoblotting, 5 of these MAbs (MAbs 8V16A, 8V16C, 8V17B, 8V17C, 8S18B, and 8S18C) reacted to both the trimeric (200 kDa) and monomeric (80 kDa) forms of H shown in Fig. 2 , with no cross-reactivity to other viral structural proteins. All MAbs tested were exclusively bound by both components of H tested from 2 H7N2 isolates (3779-2 and 0754) but did not react with the H of other viral strains of the H4N2 and H5N3 subtypes tested. Only MAb 8K22A supernatant reacted with the H antigen of 3779-2 ( Table 1 ). Three of the MAbs described in Table 2 also produced a specific positive reaction with the H protein of H7.
Immunohistochemistry. Negative control sections of AIV-infected CAMs showed no reactivity with any of the MAbs tested by IHC. Four MAbs against 3779-2 H (8V16A, 8V16C, 8V17B, and 8V17C; Table 3 ) and 2 MAbs produced at the SEPL (USDA, Athens, GA) (P15H5 and P14E1; Table 2 ) demonstrated specific staining for H7 infected CAMs, with no cross-reactions against the H found in CAMs infected with the H3, H5, and H6 AIV subtypes. Indirect fluorescent antibody assay. As shown in Table 3 , all MAbs against 3779-2 H showed specific binding for H7 infected CAMs and no cross-reactions with other AIV subtypes by IFA. P15H5 and P14E1 MAbs also specifically fluoresced with H7 infected tissues ( Table 2 ). The sensitivity of each MAb was tested by serial dilution. Cell supernatants containing MAbs against 3779-2 H still produced a visible fluorescent reaction at a 1:3,000 dilution (Table 4) .
Flow cytometry IFA. The H7N2-infected emu fibroblast cells were heavily labeled when treated with the MAbs to the H of H7N2 subtype as depicted in Fig.  3 . The patterns of the MAbs tested were specific for only H7N2, with no labeling cross-reactions with other AIV subtypes (i.e., H3N2, H4N2, and H6N8); however, only results from H4N2-infected cells are shown H7  H4  H5   IHC   H7  H3  H5  H6   IFA   H7  H6  H3  H4  H5 8V16A in Fig. 3 . The size pattern of the uninfected cells seen with the emu fibroblast cells is classified as heterogeneous.
Discussion
This paper described the production and characterization of 6 MAbs generated to the H of an H7N2 virus subtype that was isolated during the avian influenza outbreak of 1997-1998 in Pennsylvania (Castro AE, et al.: 1998 tained specific antibody to the H protein. Supernatants from specific hybridomas were positive by ELISA but were negative by the HI test. The possibility exists that immunizing antigens were initially contaminated with viral nucleoprotein or other proteins and the MAbs produced are possibly against viral proteins other than to the H. Therefore, Western blots were used to further test the specificity of the MAbs. Nonreduced conditions were used because of the low sensitivity of Western blot under reduced conditions. 6 The results showed that certain MAbs reacted with two H bands, i.e., H trimeric and monomeric proteins. All the positive MAbs, including the MAbs obtained from SEPL, produced a similar banding pattern.
The demonstration of AIV antigens in tissues by both IHC and IFA enhanced the diagnosis of AI. In this study, MAbs were used to specifically demonstrate AIV in fresh-frozen sections by IFA and in formalinfixed tissue sections by IHC. The IHC and IFA results agreed with most of the MAbs tested. However, for MAb 8S18B, although the MAb reacted specifically with H7 by HI and IFA, it did not react with H7 in the Western blot and cross-reacted with H3 by IHC. Five antigenic domains have been defined on the H molecule. 11 It is possible this MAb is reactive to an antigenic site on the H of AIV that is different from the other MAbs produced and this antigenic site reacts differently in various tests. This finding further illustrates the value in the use of a combination of procedures to assess the true specificity of a MAb to H protein of AIV.
Flow cytometry offers a unique chance to inquire about the relationship of multiple optical properties residing on the same cell. 4 These dynamic intracellular events are evaluated on thousands of single cells per minute, allowing kinetic resolution of individual color changes. A suspension of single cells is made to pass through a flow chamber so that the individual cells flow in single file through a beam of a laser. The intense light excites sufficient fluorescence to be mea-sured in the few microseconds taken to traverse the focal plane. The resulting signals, either fluorescence or scattered light, are collected and filtered appropriately with dichroic mirrors and filters. Signals corresponding to unique color probes are amplified, digitized, and stored for display and analysis. Cells with particular characteristics can be sorted into collection vessels for subsequent identification. Light scattering characteristics measure size (FALS) and granularity (900 LS). Six individual parameters can be measured on a single cell, then correlated into frequency distributions. Two of our MAbs were examined by flow cytometry and showed specific binding for emu cells infected with H7.
The objective of this study was to prepare MAbs suitable for the diagnosis of H7N2 subtype of AIV by various tests and maintain the hybridomas in culture to continue to produce these MAbs for diagnostic purposes. Certain of the hybridomas produced MAbs that had strong reactivity against all the H7s tested and proved specific for the H7 phenotype. The availability of these MAbs has potential for their continued use for the specific diagnosis of H7N2 influenza virus infections in birds in submitted clinical cases and also in an ongoing surveillance program for AI.
